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I .  INTRODUCTION 

Problem Statement and Need f o r  The Study 

Most l ~ y d r a u l i c  s tud ies  p e r t a i n i  tig t o  t h e  p lann ing  and des ign  o f  

highway drainage sys terns and highway c ross ings  have been developed i n  

r i v e r i n e  and coas ta l  reg ions  where t h e  c h a r a c t e r i s t i c s  o f  f l o o d i n g  are  

w e l l  def ined.  Horrever, t h e r e  i s  one type of f l o o d i n g  t h a t  i s  

i n c r e a s i n g l y  becoming a  problem f o r  highway des igners  i n  t he  western 

Un i ted  S ta tes  as the  p o p u l a t i o n  and development i n  t he  West increases.  

Th is  t ype  o f  f l o o d i n g  problem occurs i n  areas known as a l l u v i a l  fans. 

These areas are found i n  dese r t  and semi -ar id  reg ions  where r u n o f f  

f rom sudden thunderstorms f lori's down steep mountain dra inages and emp- 

t i e s  on to  a  broad v a l l e y  f l o o r  (see F i g u r e  1). 

Concern f o r  f l o o d i n g  and drd inage problems on a l l u v i a l  fans  i s  

i n c r e a s i n g  as more and more development occurs.  A l l u v i a l  f a n s  a t t r a c t  

development because of t h e i r  m i l d  slopes, c l ose  p r o x i m i t y  t o  the 

f o o t h i l l s  and p o t e n t i a l  f o r  spec tacu lar  views of the v a l l e y  f l o o r .  

D e s c r i p t i o n s  and d e f i n i t i o n s  o f  a l l u v i a l  f a n s  a re  found i n  t h e  r e p o r t s  

by B u l l  (1977) and Anderson-Nichols (1981). 

Flood f lows on a l l u v i a l  fans  can be ve ry  dangerous because o f  

t h e i r  unpredi  c t a b i  li t y ,  h i g h  v e l o c i t i e s ,  and a b i  li t y  t o  c a r r y  l a r g e  

amounts o f  sediment and d e b r i s .  The ser iousness o f  f l o o d i n g  on a l l u -  

v i a l  fans i s  r e l a t e d  t o  t h e  quickness and f e r o c i t y  o f  t h e  event  as w e l l  

as the  unp red i c tab i  l i t y  of t h e  f l ow  d i r e c t i o n  due t o  avu l s ions  o r  

d r a s t i c  channel s h i f t s  t h a t  r e s u l t  f rom the  accumulat ion o f  d e b r i s  i n  

def i ned channe 1  s  . 
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A 1  though a1 1 u v i  a1 fans  a re  common geomorphi c  f e a t u r e s  around the  

wor ld,  espec ia l  l y  i n  a r i d  and dese r t  reg ions ,  t h e  h y d r a u l i c  processes 

which form them and cont inue t o  mod i f y  them are p o o r l y  understood f rom 

the  v iewpo in t  o f  t r a d i t i o n a l  hydrau l  i cs and highway engineer ing.  

Therefore, t h e  purpose o f  t h i s  s tudy i s  t o  conduct a  s ta te -o f - t he -a r t  

s tudy  o f  the  capabi 1  i t i e s  and appl i cabi 1  i t y  o f  severa l  d i f f e r e n t  

methods f o r  p lann ing  and des i  gn i  ng highway c ross ings  on a1 1 u v i  a1 fans  

i n  o rder  t o  determine an a p p r o p r i a t e  d i r e c t i o n  f o r  f u t u r e  research on 

t h i s  t o p i c .  

C h a r a c t e r i s t i c s  o f  A1 l u v i  a1 Fans 

I t  i s  e s s e n t i a l  t o  f i r s t  d i scuss  the  many unique c h a r a c t e r i s t i c s  

of a l l u v i a l  fans  t h a t  make a n a l y s i s  o f  f l o o d  problems so d i f f i c u l t .  

Approximately one t h i r d  o f  t h e  l and  area i n  t h e  southwestern u n i t e d  

Sta tes  i s  covered by a l l u v i a l  fans .  A l l u v i a l  fans a r e  u s u a l l y  asso- 

c i a t e d  w i t h  dese r t  and semi -a r i d  reg ions  o f  t h e  wor ld;  however, t hey  do 

e x i s t  ( B u l l ,  1977) i n  t r o p i c a l  areas as we1 1 .  

A l l u v i a l  f a n s  a re  g e n e r a l l y  aggradat iona l  i n  n a t u r e  ( B u l l ,  1977). 

French (1984) desc r i bes  the  fo rma t ion  of a l l u v i a l  fans  as f o l l o w s :  

"Debr is  accumulates a long  t h e  f l anks  o f  mountains due t o  weathering; 

and when an i n tense  p r e c i p i t a t i o n  event  occurs,  t h e  accumulated d e b r i s  

i s  t r anspo r ted  downslope i n  an intermountain canyon. A t  t h e  p o i n t  

where the  canyon e n t e r s  t h e  v a l l e y  - the  apex of t h e  f a n  - the  widening 

o f  t h e  f l o w  r e s u l t s  i n  a  decrease o f  i t s  d e b r i s  c a r r y i n g  capac i ty ,  and 

the  d e b r i s  i s  depos i ted  a t  t h e  apex and downslope from i t  ." Over t ime,  



many such events cause depos i t s  t o  accumulate, r e s u l t i n g  i n  t h e  charac-  

t e r i s t i c  fan o r  cone shape. 

Dozens o f  a r t i c l e s  and re ferences a re  a v a i l a b l e  d e s c r i b i n g  the  

geo log i c  aspects of a1 1  u v i a l  fans.  I n t e r e s t e d  readers  should r e f e r  

p a r t i c u l a r l y  t o  Anstey (1965) and B u l l  (1977). Q u a n t i t a t i v e  methods 

f o r  h y d r a u l i c  ana l ys i s  o f  these reg ions ,  houever, a re  n o t  commonly 

found i n  t h e  l i t e r a t u r e .  

To des ign  highway dra inage systems on a1 1  u v i a l  fans ,  one must know 

(1) where the  highway w i l l  be l oca ted  on the  fan, (2)  t h e  l o c a t i o f i  o f  

t h e  major  and minor f l o w  channels i t  crosses and ( 3 )  t h e  d e t a i l e d  

c h a r a c t e r i s t i c s  about t he  dra inage b a s i n  upstream from t h e  highway. 

Because t h e  cha rac te r i  s t i  cs o f  f lobrs v a r y  so g r e a t l y  depending upon 

l o c a t i o n  on the  a l l u v i a l  fan, design methods and a n a l y t i c a l  techniques 

w i l l  a l s o  vary.  I n  t h e  paper e n t i t l e d  "Genera l ized Methodology f o r  

S imu la t i ng  Mudflows", WacArthur, e t  a 1  (1986) d i v i d e  a d ra inage b a s i n  

i n t o  t h r e e  reg ions .  The t h r e e  reg ions  of concern f o r  highway a n a l y s i s  

a re  s i m i l a r  and inc lude:  ( a )  The upper watershed, (b)  t h e  intermoun- 

t i a n  canyon areas and any s t a b l e  channels t h a t  c ross  the  fan ,  and (c )  

the broad a l l u v i a l  fan i t s e l f .  F i g u r e  1 presents  a  sketch o f  a  genera- 

l i z e d  watershed and a l l u v i a l  f a n  dra inage system. Three h y d r a u l i c  

zones can be i d e n t i f i e d  on t h e  fan i t s e l f :  (1) A channel ized zone, 

near the apex, where a  s i n g l e  d e f i n a b l e  channel e x i s t s ,  ( 2 )  a  b r a i d e d  

zone, which i s  a  t r a n s i t i o n  area where t h e  channel becanes u n s t a b l e  and 

m u l t i p l e  s inuous paths occur, and ( 3 )  a  sheet  f low zone, where f l o w  

spreads l a t e r a l l y  i n  t h e  streamwise and t ransve rse  d i r e c t i o n s  and i s  

very  sha l low.  



Morphology, hydro logy  and hydrau l  i c c h a r a c t e r i s t i c s  vary  g r e a t l y  

between d i f f e r e n t  f ans .  Therefore,  t h e  ex ten t ,  s e v e r i t y  and behav ior  

o f  f l o o d s  on d i f f e r e n t  fans  depend h e a v i l y  on i n d i v i d u a l  fan charac- 

t e r i s t i c s .  Th is  makes t h e  development o f  un i f o rm design c r i t e r i a  and 

a n a l y s i s  methods d i f f i c u l t  . 
Anderson-Ni cho ls  (1981) l i s t  many o f  t h e  f o l l o w i n g  key watershed 

and fan  c h a r a c t e r i s t i c s  which i n f l u e n c e  f a n  f l o o d i n g  behav ior :  

e f f e c t i v e  dra inage area o f  t h z  watershed 
watershed s lope and aspect 
watershed s o i l  t ype  and vege ta t i on  
frequency of f o r e s t  f i r e s  
developrn2nt d e n s i t y  w i t h i n  t he  watershed 
r a i  n f a l l  i n t e n s i t y  znd d u r a t i o n  
fan s lope and topograph ic  shape 
ex i  s tence o f  one o r  seve ra l  entrenched channel s  
degree of entrenchment o f  main channels, t h e i r  o r i e n t a t i o n  
and s t a b i  1 i t y  
apex d i scha rge  c o n d i t i o n s  ( h y d r a u l i c  c o n d i t i o n s )  
sediment c h a r a c t e r i  s t i  cs 

U rban iza t i on  and development pressure on a1 1 u v i a l  f ans  a r e  h igh .  

Therefore, t h e  c h a r a c t e r i  s t i  cs o f  t h e  f a n  today a re  u n l i k e l y  t o  remain 

the  same i n  t he  f u t u r e .  Highways b u i l t  th rough undeveloped lands 

usual l y  c r e a t e  acce le ra ted  development ad jacent  t o  them. The ab i  1 i t y  

t o  a c c u r a t e l y  es t ima te  t h e  r a t e  o f  u r b a n i z a t i o n  and changes t h a t  may 

r e s u l t  w i t h  u r b a n i z a t i o n  i s  e s s e n t i a l  f o r  p roper  highway dra inage 

desi  gn . 
A f i r s t  s tep  t o  any highway d r a i n a ~ e  study should i n c l u d e  the  

i d e n t i f i c a t i o n  o f  t h e  key c h a r a c t e r i s t i c s  o f  t h e  f a n  t h a t  t he  highway 

i s  t o  cross. Some o f  t h e  e s s e n t i a l  s teps  t o  cons ider  i nc lude :  



perform thorough a e r i a l  and f i e l d  surveys o f  t h e  f a n  and 
upper watershed areas 
develop d e t a i  l e d  topograph ic  mapping o f  t h e  s tudy  area 
i n c l u d i n g  h i g h  r e s o l u t i o n  a e r i a l  photographs 
at tempt t o  l o c a t e  h i s t o r i c a l  a e r i a l  photos, s o i  1s data,  
geo log i ca l  da ta  and f l o o d  h i s t o r i e s  o f  t h e  fan  
l o c a t e  t h e  proposed highway on t h e  topograph ic  maps and 
a e r i  a1 photographs 
s tudy  t h e  proposed a l ignment  f o r  any obvious problems o r  
p o s s i b l e  improved a1 t e r n a t i  ves 
c l a s s i f y  t he  fan accord ing  t o  t h e  key c h a r a c t e r i c s  
observed d u r i n g  t h i s  p r e l i m i n a r y  s tudy  
i d e n t i f y  p o s s i b l e  dra inage a l t e r n a t i v e s  and l o c a t e  poten- 
t i  a1 highway c u l v e r t s  and c ross ings  based upon p r e l i m i n a r y  
resu 1  t s  
l i s t  a l l  a d d i t i o n a l  da ta  needs and p o s s i b l e  problems iden -  
t i f  i e d  d u r i n g  the  p r e l i m i n a r y  study. 

R5sul t s  from t h e  p r e l  im ina ry  r , : ~ I v  w i  11 p r o v i d e  e s s e n t i a l  i n f o r -  

mat ion f o r  t h e  p r e l i m i n a r y  design phase o f  t h e  p r o j e c t  (assuming t h e  

p r o j e c t  i s  determined p r e v i o u s l y  t o  be f e a s i b l e ) .  D iscuss ions  i n  t h e  

f o l l o w i n g  sec t i ons  of t h i s  r e p o r t  w i l l  e x p l a i n  t h e  k i n d s  of analyses 

t h a t  a re  r e q u i r e d  f o r  t h e  d i f f e r e n t  r e g i o n s  and w i l l  e va lua te  seve ra l  

d i f f e r e n t  k i nds  o f  a n a l y t i  c a l  t o o l s  p r e s e n t l y  a v a i l a b l e  f o r  ana l yz ing  

a1 l u v i a l  f a n  f l o o d i n g  and dra inage problems. 



1 1 .  DESIGN PROBLEMS FOR HIGHWAY DRAINAGE ON ALLUVIAL FANS 

What do highway p lanne rs  and des igners  need t o  knob, about the  

c h a r a c t e r i s t i c s  o f  f l o o d  events on a l l u v i a l  f a n s ?  They need t o  know 

how t o  b e s t  s i z e  and o r i e n t  c u l v e r t s  and highway c ross ings  t o  s a f e l y  

handle f lows f rom design events w i t h  minimum maintenance o r  damage. To 

do t h i s  they  need t o  know what the peak d ischarge and d u r a t i o n  f o r  t h e  

design event w i  11 be, what t h e  f l o w  v e l o c i t y  w i l l  be, what t h e  depth of 

f low w i l l  be, and how much sediment movement (scour  o r  d e p o s i t i o n )  can 

be expected d u r i n g  t h e  event .  

Hyd ro log i c  and H y d r a u l i c  Problems - Most highway dra inage and 

h y d r a u l i c  design g u i d e l i n e s  a r e  based on t r a d i t i o n a l  h y d r o l o g i c  and 

hyd'raul i c computat ional  methods. They assume t h a t  su f  f i c i  e n t  da ta  are  

a v a i l a b l e  t o  develop t h e  r e g i o n a l  hydro logy  and peaK discharges f o r  

v a r i o u s  des ign  f l o o d  events. Of ten  t h i s  i s  no t  t h e  case because of an 

i n s u f f i c i e n t  p e r i o d  o f  r e c o r d  r e q u i r i n g  t h a t  f l o o d  f l o w s  be es t imated 

by a  v a r i e t y  o f  rough methods. When r e s u l t s  f rom these rough methods 

a re  compared, t h e y  o f t e n  y i e l d  a  wide range of d i f f e r e n t  peak 

d i  scharges, hydrograph shapes and f l o o d  volumes. Peak f l o w  r a t e s  

should be es t imated by  e i t h e r  r e g i o n a l  reg ress ion  models (Chow, 1964) 

o r  envelope curve  methods as recommended by Crippen (1982). French and 

Lombardo (1984) have p o i n t e d  o u t  t he  l i m i t a t i o n s  t h a t  these two methods 

have i n  a r i d  areas. There fore ,  accepted s tandard ized mgthods f o r  deve- 

l o p i n g  the  des ign  hyd ro logy  f o r  highway drainages and highway c ross ings  

a r e  needed as a  f i r s t  s tep  i n  t h e  ana lys i s .  



Given a  design storm, r u n o f f  volume and peak d ischarge es t imates  

a re  o f t e n  obta ined by us ing  r a i n f a l l - r u n o f f  models such as HEC-1 and 

Tr-20.  These [node! s  cannot capture  the two-dimensional behav ior  o f  

f lovrs on an unbounded plane; however, they  can y i e l d  usefu l  r e s u l t s  i f  

used w i  t h  care. 

Given t h e  design hydro logy ,  most highway c ross ings  a re  s i zed  and 

o r i e n t e d  based on f i xed-bed, s teady s t a t e  h y d r a u l i c  computat ions such 

as found i n  t h e  computer program HEC-2. Unfortlln:t_o!y, i i o o d  f l o w s  

common t o  a1 l u v i a l  fans are  o f t e n  unsteady, suptarcri  t i c a l  f l o w s  capable 

of moving l a r g e  amounts o f  sediment. The bed and banks o f  t h e  ephe- 

meral channels found on most a l l u v i a l  fans are  u s u a l l y  uns tab le  and 

channel avu l s ions  a re  common. Channel p a t t e r n s  and i nunda t i on  areas 

o f ten  change w i t h  each f l ood .  Sediment scour and d e p o s i t i o n  occur 

r a p i d l y  d u r i n g  f l o o d s  and q u i c k l y  a l t e r  channel geometr ies. Th is  i s  

no t  t o  say t h a t  t r a d i t i o n a l  h y d r a u l i c  des ign  methods should no t  be used 

a t  a1 1 .  Many l o c a t i o n s  and h y d r a u l i c  des ign  quest ions  can be r o u g h l y  

solved w i t h  HEC-2 t ype  t o o l s .  Sediment t r a n s p o r t ,  general  scour and 

l o c a l  p i e r  scotir can then be es t imated u s i n g  methods descr ibed by  

Si~nons, L i  & Associates (1982 and 1986) and o thers .  

No uniform methods e x i s t  f o r  ana l yz ing  f l o w  problems on a l l u v i a l  

fans because hydrau l  i c  and sediment t r a n s p o r t  c h a r a c t e r i s t i c s  v a r y  

g r e a t l y  over t h e  sur face of t h e  f a n  from i t s  apex t o  t h e  fan' apron (see 

F i g u r e  1). One-dimensional unsteady f low methods are  v a l i d  i n  t h e  con- 

f i n e d  i n te rmoun ta in  channel s e c t i o n  upstream f rom t h e  fan  apex. Beyond 

t h e  p o i n t  where the f l o w  emerges on to  the unbounded f a n  and spreads o u t  



i n  the  streamwise and t ransve rse  d i rSec t i ons ,  t h e  f l ow  o f t e n  becomes 

two-dimensional and o f t e n  q u i t e  shal low. Flows con f i ned  w i t h i n  s t a b l e  

channels can s t i  11 be eva lua ted w i  t h  one-dimensional t o o l s  (unsteady, 

o r  perhaps steady s t a t e  under some c o n d i t i o n s ) .  Sheet f lows d i  s t r i -  

buted over the  fan su r face  o r  broadcast  l a t e r a l l y  by avu l s ions  f rom 

sha l low u n s t a b l ~  r i  11s are  ex t remely  complex i n  na tu re .  No p r e s e n t l y  

a v a i l a b l e  a n a l y t i c a l  t o o l s  can analyze these k i n d s  o f  f l o w s  d i r e c t l y .  

K i  nemat i c  wave approximat i  on, and some two-dimensional model s  show p ro -  

mise. Discussions i n  a  l a t e r  s e c t i o n  compare seve ra l  s t a t e - o f - t h e - a r t  

models t h a t  show promise f o r  these k i n d s  of f lorrs.  

Time Scales - Three d i f f e r e n t  t ime sca les  are  impor tan t  when ana- 

l y z i n g  Pan f l o o d i n g  dynamics: 

(1) geo log i c  t ime (106 yea rs ) ,  d u r i n g  which numerous events and 

f l o w  paths wander over t he  f a n  and t h e  fan grows and ag- 

grades, 

( 2 )  p r o j e c t  t ime (50 t o  100 years) ,  d u r i n g  which severa l  f l o o d  

events of v a r i o u s  magnitudes may occur causing channel s h i f t s  

and sediment movement, a l s o  d u r i n g  which highway m o d i f i c a t i o n  

p r o j e c t s  may occur and r e g i o n a l  u r b a n i z a t i o n  occurs on t h e  

fan, 

( 3 )  f l o o d  event t ime (hours  t o  days), d u r i n g  which h i g h  i n t e n -  

s i t y ,  s h o r t  d u r a t i o n  f lows race  through t h e  p r o j e c t  causing 

topographi  c  adjustment  and channel s h i f t s  t o  occur. Loca l  - 
p r o j e c t  damages may occur r e q u i r i n g  maintenance and r e p a i r .  



Obviously t h e  l a s t  two t ime scales ( p r o j e c t  and f l o o d  event  t ime)  

are  most impor tan t  t o  p lanners  and design engineers.  They need t o  

determine whether e x i s t i n g  entrenched channels w i  11 remain s t a b l e  o r  

a re  l i k e l y  t o  s h i f t  l o c a t i o n .  They need t o  a n t i c i p a t e  t h e  f u t u r e  

e f fec t s  of u r b a n i z a t i o n  (p lanned o r  unplanned) on t h e  p r o j e c t ,  and a l s o  

a n t i c i p a t e  f u t u r e  h i  ghr~ay m o d i f i c a t i o n s  t h a t  may be necessary. 

Other Problems - Other p r o b l ~ m s  f a c i  ng h i  ghr~ay des i gn engineers 

a re  i n s t i t u t i o n a l  and p o l i t i c a l  problems. The problems r e s u l t  from t h e  

f a c t  t h a t  b a s i c  des ign  c r i t e r i a  (such as t h e  des ign  hydro logy ,  

recur rence i n t e r v a l  , peak d ischarge,  p e r m i s s i b l e  v e l o c i t y ,  f r eeboard  

he igh t ,  e tc . )  may v a r y  g r e a t l y  between t h e  va r i ous  r e g u l a t i n g  agencies 

hav ing  j u r i s d i c t i o n  over t he  lands on t h e  a l l u v i a l  f a n .  Loca l  c i t y  and 

county r e g u l a t i o n s  and des ign  ord inances are  of t e n  much d i f f e r e n t  f r om 

The Federal  Highway Admin i s t ra t i on ,  t h e  r a i l r o a d s ,  The Corps o f  

Engi neers, The Soi I Conservat ion Se rv i  ce and The Federa l  Emergency 

Management Agency. Therefore, i f  d i f f e r e n t  agencies a r e  d e s i g n i n g  

f l o o d  c o n t r o l  and dra inage systems upstream f rom t h e  highway and a re  

not  u s i n g  the  same b a s i s  f o r  design as t h e  highway department, i t  w i l l  

be d i f f i c u l t  t o  have an e f f e c t i v e  i n t e g r a t e d  f l o o d  dra inage system. 

More l e g i  s  l a t i o n  and in te ragency coopera t ion  i s  needed t o  e s t a b l  i sh 

agreed upon des ign  c r i t e r i a  f o r  a l l u v i a l  f a n  f l o o d i n g .  Once t h e  des ign  

c r i t e r i a  and l e v e l s  o f  p r o t e c t i o n  a r e  es tab l i shed ,  then more d e f i n i t e  

des ign  methods f o r  meet ing  t h e  l e v e l  o f  p r o t e c t i o n  can be  es tab l i shed .  

Tettemer (1986) suggests master  p l a n n i n g  f o r  f l o o d  c o n t r o l  and 

drainage ord inances f o r  developers as means f o r  ensu r ing  an i n t e g r a t e d  

f l o o d  hazard r e d u c t i o n  program. 



Highway p r o j e c t s ,  such as t h e  proposed Outer Loop Freeway p r o j e c t  

i n  Phoenix, may be planned f o r  areas where u r b a n i z a t i o n  and development 

upstream from the  proposed highway have very  low d e n s i t y .  C ~ l l v e r t s  and 

c ross ings  l oca ted  t o  handle the des ign  event de f i ned  by  the  Highway 

Department can be b u i l t  now. L a t e r  as more roads a re  const ruc ted and 

development occurs, t he  togographi  c  fea tures  of t h e  fan  and, t he re fo re ,  

t h e  f l o o d  c h a r a c t e r i s t i c s  change d r a s t i c a l l y .  Th is  e f f e c t  coupled w i  t h  

t h e  n o n u n i f o r m i t y  i n  des ign  c r i t e r i a  between the  v a r i o u s  agencies leads 

t o  d i f f i c u l t  f l o o d  hazard management problems. Th is  s i t u a t i o n  pre-  

s e n t l y  e x i s t s  throughout  much o f  Phoenix and w i l l  c o s t  m i l l i o n s  o f  

d o l l a r s  t o  improv?. 

Therefore,  i n  undeveloped areas where highways a r e  planned, i t  i s  

recommended t h a t  a t  l e a s t  a bas i c  master p lan  f o r  f l o o d  c o n t r o l  and 

dra inage be p a r t  of t h e  i n i t i a l  highway s i t i n g  and f e a s i b i  1 i t y  s t u d i e s .  

A s  t he  p r o j z c t  evo lves  and goes i n t o  the  design phases, a d d i t i o n a l  

d e t a i  1 can be added t o  t he  q a s t e r  p lan.  Funding f o r  t h i s  a d d i t i o n a l  

work can be shared between t h e  c i t y ,  count ies  and developers.  

F i n a l l y ,  c i t i e s  and coun t i es  should be encouraged t o  mod i f y  t h e i r  

d r a i  nage and lor  land g rad i  ng o r d i  nances t o  e l  i m i  na te  uncon t ro l  l e d  

c l e a r i n g ,  grubbing an3 t r e n c h i n g  o f  a l l u v i a l  fans .  O f ten  land owners 

w i  11 c o n s t r u c t  a s o i l  berm around undeveloped p r o p e r t y  t o  d iscourage 

automobi le t respass ing .  T h i s  d e f l e c t s  a l l  o f  t h e  water  t h a t  f o r m e r l y  

moved over t he  p r o p e r t y  as sha l low sheet f low and concant ra tes  i t  i n  

o t h e r  d i r e c t i o n s .  Obv ious ly  these k i n d s  o f  p r a c t i c e s  may r e s u l t  i n  

s i  g n i f  i cant  changes i n  t h e  f l ow  c h a r a c t e r i s t i c s  docrnslope. N o 



sophi s t  i cated computer program o r  d e t a i  l e d  des ign  i n v e s t i g a t i o n  f o r  a  

highway drainage system accounts f o r  f u t l r r e  impacts o f  these random 

m o d i f i c a t i o n s  t o  the  p r e v a i l i n g  dra inage system. As s t r e e t s  and o t h e r  

improvements are bu i  1 t they  should be designed t o  m a i n t a i n  the  e x i  s t i n g  

f l o w  p a t t e r n  and f low r a t e s .  S t r e e t s  and f i l l s  should n o t  d i v e r t  f l o w  

f rom one dra inage area t o  another.  D i s t r i b u t i n g  t h e  f l o w  among as many 

s t r e e t s  and shal low f loodways as p o s s i b l e  prevents  i t  from c o l  l e c t i  ng 

and becoming a  f l o o d .  

Drainage m o d i f i c a t i o n s  t h a t  concent ra te  f lows t h a t  used t o  spread 

as sheet f l ow  may cause the  charac ter  of t h e  l o c a l  h y d r a u l i c  zone t o  

s h i f t  f rom be ing  a  sheet f low zone p r e v i o u s l y  t o  e i t h e r  a b ra ided  zone 

or  even channel ized zone ( r e f e r  t o  F i g u r e  1). Once t h e  s h i f t  occurs i t  

may take a  long d i s t a n c e  and many years  f o r  t he  downstream dra inage 

area t o  r e a d j u s t  t o  t he  new inc rease  i n  f l o w  energy. Increased sedi - 
ment t r a n s p o r t  and s h i f t s  i n  t h e  d i r e c t i o n  and magni tude o f  t h e  peak 

e 

d ischarge may a l s o  occur downstream f rom the  p o i n t  of concent ra t ion .  

Tettemer (1986) suggests t h a t  inadequate ly  designed and imprope r l y  

placed d i t c h e s ,  w a l l s  o r  berms can develop f a l s e  s e c u r i t y  and more 

problems than they  were in tended t o  solve.  Also, a l l  d ra inage and 

f l o o d  c o n t r o l  p r o j e c t s  ad jacent  t o  t h e  highway and upslope on the  fan 

must be main ta ined r e g u l a r l y  t o  assure t h e i r  p roper  f u n c t i o n .  And, 

f i n a l l y  t h e  highway department and l o c a l  c i t y  and county governments 

should r e g u l a r l y  mon i to r  a l l  a c t i v i t y  on t h e  fans. Flows on the  a l l u -  

v i a l  f a n  a re  very  s e n s i t i v e  t o  even minor changes i n  land form o r  

grading. 



The nex t  s e c t i o n  w i  1 1  i d e n t i f y  and evaluate s e v e r a l  of t h e  more 

promis ing  methods presently a v a i l a b l e  for depicting f low c o n d i t i o n s  on 

alluvial fans .  



111. HYDRAULIC ANALYSIS FOR ALLUVIAL FANS 

Int roduct ion 

Although t h e r e  has been a  g r e a t  dea l  of h i g h l y  s i g n i f i c a n t  work 

done i n  t h e  f i e l d  of a l l u v i a l  f a n  h y d r a u l i c s  and hydro logy ,  p r a t i c a l  

a p p l i c a t i o n s  of s c i e n t i f i c  p r i n c i p l e s  f o r  s o l v i n g  a l l u v i a l  f a n  f l o o d  

c o n t r o l  problems a re  r a r e .  T h i s  chapter  w i l l  a t tempt t o  ( I )  g e n e r a l l y  

desc r i be  t h e  behav io r  o f  f l o o d i n g  on a l l u v i a l  fans, ( 2 )  d e f i n e  t h e  spe- 

c i f i  c parameters r e q u i r e d  t o  design highway c ross ings  and ( 3 )  d iscuss  

some e x i s t i n g  and proposed computat ional  methods f o r  ana l yz ing  f lows on 

a l l u v i a l  fans. 

General Descr ip t ion  

A l l u v i a l  fans v a r y  i n  s i z e  from a  few square m i l e s  such as near 

Bu l lhead C i ty ,  A r i zona  t o  hundreds of square m i  l e s  such as near Phoenix 

and Tucson. As the  fan area increases,  f l o o d  waters  come n o t  o n l y  f rom 

r a i n f a l l  i n  t he  mountain watershed above b u t  a l s o  from r a i n f a l l  which 

occurs on t h e  fan i t s e l f .  Thus the  100 year  d ischarge a t  t h e  apex o f  

t h e  f a n  i s  not  always t h e  a p p r o p r i a t e  q u a n t i t y  t o  use f o r  f l o o d  ana ly -  

s i s .  F igu re  2 shows an. i d e a l i z e d  s i t u a t i o n  o f  f l o o d i n g  on an a l l u v i a l  

fan. Th i s  i s  a symmetr ical  f a n  w i t h  no f l o w  o b s t r u c t i o n s .  Fehlman 

(1987) i n d i c a t e s  t h a t  unbounded f low on an i n c l i n e d ,  f l a t  p lane expands 

i n i t i a l l y  w i t h  an apex angle o f  90". Thus if t h e  f a n  ang le  Af  i s  l ess  

than 90°, t h e  f l o w  w i l l  be spread u n i f o r m l y  across t h e  e n t i r e  fan.  I f  

the  f a n  angle i s  g r e a t e r  than 90°, t h e  f low w i  1 1  be spread u n i f o r m l y  

across 90" o f  t h e  fan .  Th is  i s  o b v i o u s l y  an o v e r s i m p l i f i c a t i o n  b u t  i t  



Qq= Po;,+ Discha- at Fan Apcr 914 
A 4  = Fan h g l L  (deg w ~1 
R = Dirtan= fro* Apex (geet) 

F i g u r e  2 Idealized a l l u v i a l  f a n .  
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w i l l  serve f o r  purposes o f  i l l u s t r a t i o n .  As the  f l o w  spreads out ,  i t  

i s  convenient  t o  express i t s  magnitude us ing  the d ischarge per u n i t  

w i d t h  q. A peak d ischarge of 1,000 cfs spread ou t  across a  100 f o o t  

wide fan  contour would y i e l d  a  u n i t  d ischarge o f  10 c f s l f o o t .  The u n i t  

d ischarge a t  any d i s t a n c e  R f rom the  apex of t h e  i d e a l i z e d  a l l u v i a l  f a n  

i s  

q = 2Qa/ T R  i f  Af  1 9 0 '  

q = 2Qa 901Afn R i f  Af<90° 

Where Qa i s  t h e  p o i n t  d i scha rge  a t  the apex of the  fan. T h i s  assumes 

an i d e a l  fan w i t h  no o b s t r u c t i o n s  and un i fo rm ly  d i s t r i b u t e d  f l o w  w i t h  

a maxiqum expansion angle o f  90'.  Again the  f low expansjon angle  v ; i ?1  

be l e s s  than t h i s  i n  r e a l i t y .  The purpose of a  two-dimensional f l o w  

model f o r  a l l u v i a l  fans  i s ,  i n  f ac t ,  t o  de termine the  a c t u a l  f l o w  

expansion angle.  

T h i s  s imple  model can be used t o  i l l u s t r a t e  f u u r  s i t u a t i o n s  which 

may be encountered i n  a l l u v i a l  f an  a n a l y s i s .  The t rea tment  t h a t  

f o l l o w s  does no t  i n c l u d e  the dynamic behav ior  o f  t he  f low; methods 

which w i  1  l account f o r  t h i s  a r e  descr ibed l a t e r .  These examples pro-  

v ide  a  framework upon which f u t u r e  research r e s l l l t s  can be placed. 

U l t i m a t e l y  a  two-dimensional f l o w  a n a l y s i s  techn ique w i l l  be used t o  

determine t h e  f low expansion c h a r a c t e r i s t i c s  f o r  each concen t ra t i on  

p o i n t .  The r e s u l t s  can then be superimposed f o r  a coa lesc ing  fan 

s i  t u d t i o n .  



CASE 1: Flow Obstructed by a Levee. 

F i g u r e  3 s h o ~ s  a  f l o o d  c o n t r o l  levee of l eng th  L which i s  o r i e n t e d  

a t  an ang le  t o  t he  f l o w  path.  The f i r s t  s tep  i s  t o  es t ima te  the  con- 

cen t ra ted  d ischarge a t  p o i n t  3. Th is  i s  done by  m u l t i p l y i n g  t h e  

av2rGge u n i t  d ischarge by t h e  l eng th  o f  t he  levee. Note t h a t  t h e  s i n e  

o f  t h e  ang le  between the  f l o w  d i r e c t i o n  and the  levee must be used t o  

compute t h e  ac tua l  u n i t  d ischarge t h a t  impinges on t h e  levee.  The u n i t  

d ischarge a t  p o i n t  4 i s  based on the  uni form expansion o f  t he  con- 

cen t ra ted  d ischarge f rom p o i n t  3. The u n i t  d ischarge a t  p o i n t  5 i n c l u -  

des the  c o n t r i b u t i o n  f rom the  fan  apex ( p o i n t  1) and f rom t h e  end o f  

ths levee i p o i n t  3 ) .  From t h i s  example i t  can be seen t h a t  development 

on an a l l u v i a l  f an  can r e d i r e c t  t h e  n a t u r a l  f l o w  path .  Note t h a t  an 

upper case Q i s  t h e  d ischarge a t  a  p o i n t  expressed i n  c f s  and a  lower  

case q i s  t h e  u n i t  d ischarge i n  t h e  d i r e c t i o n  o f  f l o w  expressed i n  

cf s / f  t. 



Figure 3 Flow obstructed by a levee. 
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CASE 2: Flow Obstructed by a Housing Development 

F i g u r e  4 shokrs a housing development which i n t e r c e p t s  the  flobr and 

r e d i r e c t s  i t  around t h e  community. It i s  then re leased a t  p o i n t  3 and 

p o i n t  7. The u n i t  d ischarge a t  p o i n t  8 i s  computed u s i n g  t h e  concept 

presented i n  case 1. 



F i g u r e  4 Flow o b s t r u c t e d  by a housing development.  
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CASE 4: General Condit ion 

F igu re  6 shows the general  s i t u a t i o n .  Several a l l u v i a l  f ans  f rom 

d i f f e r e n t  d r a i  nages coalesce. Rany of the  roads, s t r u c t u r e s  and 

topograph ic  f ea tu res  found on t h e  a l l u v i a l  fan can cause major  changes 

i n  f l o w  d i r e c t i o n ,  depth and v e l o c i t y .  Any mathematical model f o r  ana- 

l y z i n g  a l l u v i a l  f a n  h y d r a u l i c s  should be capable of i n c l u d i n g  such 

e f f e c t s .  Since most p a r t s  of t he  fan have no def ined channel,  t h e  two 

dimensional behav ior  o f  t h e  f low on an unbounded sur face would need t o  

be descr ibed.  Us ing  t h i s  approach would enable t h e  highway designer t o  

account f o r  e f f e c t s  o f  f u t u r e  development on dra inage.  



Figure 6 General condition o f  flooding on a n  alluvial fan. 
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Desi gn Parameters 

Th is  s e c t i o n  d iscusses t h e  b a s i s  o f  two-dimensional f l o w  a n a l y s i s  

and i t s  r o l e  i n  s o l v i n g  a l l u v i a l  f an  f l ood  problems. I n  general,  f l o w  

on an unbound p lane i s  governed by the  th ree-d imens iona l ,  unsteady 

equat ions  of mass and momentum conservat ion.  If t h e r e  i s  a h y d r o s t a t i c  

pressure d i s t r i b u t i o n ,  and n e a r l y  un i f o rm v e l o c i t y  d i s t r i b u t i o n  i n  t h e  

v e r t i c a l  d i r e c t i o n ,  t h e  dimension o f  t h e  equat ions  can be reduced by 

one. The o n l y  dependent v a r i a b l e s  are the  f l u i d  depth and t h e  u n i t  

d ischarge i n  the  x and y d i r e c t i o n s  (Hami l ton,  e t  a1 ., 1987). 

Mathemat ica l l y ,  the  two-dimensional equat ions  f o r  unsteady f l o w  a r e  

i n  which t = t ime; x = x - h o r i z o n t a l  coordinate;  y = y - h o r i z o n t a l  coor- 

d ina te ;  p and q = t h e  u n i t  d ischarge i n  t h e  x and y d i r e c t i o n s ,  respec- 

t i v e l y ;  h = water depth; g = g r a v i t a t i o n a l  constant; Sox and Soy = bed 

s lope i n  the  x and y d i r e c i t o n s ;  and Sfx and Sfy = f r i c t i o n a l  

r e s i s t a n c e  term i n  t h e  x and y d i r e c t i o n s .  The f r i c t i o n a l  r e s i s t a n c e  

i s  u s u a l l y  computed u s i n g  Mannings equat ion.  For  l a r g e  a l l u v i a l  f ans  



such as near Phoenix o r  Tucson, the amount o f  r a i n f a l l  which occurs on 

the  f a n  i t s e l f  should be inc luded.  The i n f i  I t r a t i o n  r a t e  of t h e  runof f  

on t h e  f a n  i s  a  f u n c t i o n  o f  t ime  and may be d i f f i c u l t  t o  determine; 

however, i t  i s  a l s o  an impor tan t  f a c t o r  f o r  l a r g e  a l l u v i a l  f ans .  For 

i l l u s t r a t i v e  purposes, these two f a c t o r s  are n o t  i nc luded  i n  equat ions 

(11, (21, and ( 3 ) .  

Equat ions I ,  2 and 3 desc r i be  the  f low behav ior  exac t l y ,  w i t h i n  

the  c o n s t r a i n t s  o f  t h e  assumptions upon which they  were der ived.  The 

equat ions must be so lved numer i ca l l y ,  however, as no c losed form s o l u -  

t i o n  e x i s t s .  I n  o rder  t o  make t h i s  numer ical  s o l u t i o n  e a s i e r  t o  per -  

form, one o r  more o f  t h e  terms i n  equat ions  2 and 3 a r e  sometimes 

removed. Th is  may o r  may n o t  have a  l a r g e  e f f e c t  on t h e  computed so lu -  

t i o n  depending tipon t h e  na tu re  o f  the  problem. 

The s p e c i f i c  r o l e  o f  two-dimensional f l o w  a n a l y s i s  f o r  a1 l u v i  a1 

fans can be seen f rom F igu re  7. A p o i n t  d ischarge on an unbounded 

plane w i l l  expand i n i t i a l l y  w i t h  an i n c l u d e d  ang le  o f  90' b u t  w i l l  

e v e n t u a l l y  f l o w  pe rpend icu la r  t o  t h e  contours .  The assumption made i n  

the  f o u r  example cases t h a t  a  p o i n t  d ischarge w i l l  expand un i fo rm ly  

w i t h  an ang le  o f  90' f o r  any d i s t a n c e  w i l l  y i s l c l  d isc l la rges  t h a t  a re  

lorrer than would a c t u a l  l y  occur.  Thus un less  two-dimensional f l o w  

e f fec t s  are  a c c u r a t e l y  captured, t h e r e  i s  a  good chance t h a t  highway 

dra inage f a c i l i t i e s  w i l l  be underdesigned. An acceptab le  computat ional  

technique should i n c l u d e  the  capabi li ty  t o  d e s c r i b e  the expansive 

na tu re  of t h e  f low,  i nco rpo ra te  the  e f fec t  of bo th  s u b t l e  topograph ic  

f ea tu res  and ab rup t  f l o w  o b s t r u c t i o n s ,  and should be a b l e  t o  d e s c r i b e  

s u p e r c r i t i c a l  and s u b c r i  t i c a l  f l ow  behav ior .  





Assessment o f  Random Behavior  o f  A l l u v i a l  Fan Flaws 

As w i l l  be d iscussed i n  t he  f o l l o w i n g  sec t i on ,  some d e t e r m i n i s t i c  

computat ional  methods are  a v a i l a b l e  t o  assess the  general  t r ends  of 

a l l u v i a l  fan h y d r a u l i c s  and hydro logy .  Many o f  t h e  phenomena t h a t  

compl ica te  the  a n a l y s i s  o f  a l l u v i a l  f a n  f l o o d i n g ,  hocrever, a r e  random, 

a t  l e a s t  i n  t h e  sense t h a t  we do no t  have t h e  knowledge t o  p r e d i c t  i n  

advance t h e  s p e c i f i c  e f f e c t s  from a  g i ven  causal  event .  An example o f  

such a  random phenomenon i s  t h e  p a t t e r n  o f  sediment d e p o s i t i o n  which 

occurs d u r i n g  a  f l o o d  on an a l l u v i a l  fan .  I n  general ,  t h e  d e p o s i t i o n  

p a t t e r n  i s  cone shaped and f a i r l y  un i f o rm such as the a l l u v i a l  f a n  

t e r r a c e  n o r t h  o f  Phoenix shown i n  F i g u r e  8. Upon c lose  i nspec t i on ,  t h e  

contour l i n e s  appear jagged and i r r e g u l a r .  On a  l a r g e  scale,  i t  i s  

apparent  t h a t  the  contour l i n e s  can be approximated by smooth, semi- 

c i r c u l a r  curves. The smal l  f l u c t u a t i o n s  i n  e l e v a t i o n  are due t o  t h e  

scour, d e p o s i t i o n  and resuspension o f  m a t e r i a l  and i s  a  f u n c t i o n  o f  t h e  

l o c a l  geo log i c ,  vegeta t ion ,  s o i  1  mosture and topographic c o n d i t i o n s .  

Since t h e r e  i s  no d i r e c t  d e t e r m i n i s t i c  computat ional  method t o  s imu la te  

such m ic ro -sca le  e f f e c t s  accu ra te l y ,  i t  i s  more p r a c t i c a l  t o  s i m u l a t e  

t h e  average h y d r o l o g i c  behav ior  and use a  p r o b a b i l i s t i c  approach t o  

account f o r  mi c rosca le  d e v i a t i o n s  f rom t h e  mean. 

The contour l i n e  noted on F i g u r e  8 has a  maximum d e v i a t i o n  of 

about 2 f ee t  i n  e l e v a t i o n .  Th i s  means, h i s t o r i c a l l y ,  t h a t  l o c a l  

changes i n  bed e l e v a t i o n  have been up t o  two f e e t  d u r i n g  a  f l o o d  event .  

The average dev ; a t i o n  from t h e  mean contour e l z v a t i o n  can be  computed 





and used as a design f a c t o r  t o  be added t o  t he  r e s u l t s  of t he  d e t e r -  

m i n i s t i  c  model ing methods. 

Computational Techniques 

As s t a t e d  p rev ious l y ,  t he  r o l e  o f  a numer ical  s i m u l a t i o n  model i s  

t o  p r e d i c t  the  average h y d r a u l i c  parameters needed f o r  t h e  design o f  

highway c ross ings .  These parameters a r e  t h e  u n i t  d i  scharge, t he  depth  

and v e l o c i t y  of f l o w  and t h e  sed imenta t ion  c h a r a c t e r i s t i c s .  Th is  sec- 

t i o n  d iscusses such numer ical  models. 

Many computat ional  techniques and computer models were r e v i  evred. 

F i v e  o f  these are  presented here  (see Tab le  1). Most two dimensional  

f l o w  models were developed f o r  use w i t h  der ined,  bounded ~ e o m e t r y .  The 

Schamber model and RMA-2 have p o t e n t i a l  use f o r  unbounded f l o w .  They 

a re  a l s o  t h e  o n l y  models rev iewed t h a t  use the  f u l l  equat ions  o f  

unsteady, two dimensional  flow. Both o f  these models cou ld  b e  used t o  

detenni  ne t h e  f low c h a r a c t e r i  s t i  cs as d i  scussed i n  t h e  "Design Para- 

meters" s e c t i o n  and as i l l u s t r a t e d  i n  F i g u r e  7. 

One o f  these two methods should be f u r t h e r  developed f o r  a l l u v i a l  

f a n  a p p l i c a t i o n s  as d iscussed i n  t h e  proposed work p lan ,  Sec t i on  V I .  

The f u r t h e r  development should i n c l u d e  t h e  i n c o r p o r a t i o n  o f  a p p r o p r i a t e  

boundary c o n d i t i o n s  and the  p o s s i b i l i t y  ~f s u p e r c r i t i c a l  f l o w  depths. 



TABLE 1 SUAVEY OF C W U T E R  PENS FOR ANALYSlS OF F L U  ON ALLWlAL FANS. 

NAME : : MATHENATICAL : APPL ICASLLI TY 
CF : : PREVIOUS : SMUTICR : FOR ACLWIAL FAN 

t!ITHOO : REFERENCE : DESCRIPTION :APPLICATIONS : T E C H N I W S  : MOIXLIKG 

:This technique wos developed specific~l1y:Vorious Flood :Probobolistic :Very useful for 
Oowdy :Dordy. 1979 :for conducting flood insurance studies :Insurance studies :opprooch with :general plonning, 
Method : :on olluuiol fons. Although it is a :ond planning :critic01 depth :regulation ond 

:Edards ond :simple technique ond corl be applied :studies in :ossuned and on :flood insurance 
:Thielmonn. 1983 :uniformly, there is no direct w a y  to :southern Cali- :empirical relo- :but does not yield 

:account for topographic features or :fornia ond :tionship between :detailed enough 
:existing structural elements. :Arizona. :width ond depth. :results for design 

:purposes. 

:This is one of the most widely used and :Hydraulic :The complete :This model is o good 
RM-2 :Gee ond MocArthur, :tested two-dimension01 flow models. :Simulations for :St. Venont equo- :condidote for ollu- 
Rode1 :I982 :It solves the full equations of unsteady :Son Francisco :tIons ore solved :vial fon modeling 

:flow in two dimensions using the finite :Boy, Columbia :using the method :because of its 
:?locArthur, et. 01. :element method. The elements con become :River, Socromento :of finite ele- :general opplicotion 
:I985 :uet ond dry during the sirnulotion :River. No olluviol:ments. - :copobilities and 

:r*hic is o necessary requirement for :fon case studies : :wetting and drying 
:olluviol fan onalvsis. The prophics :were located. : :of elements feature. 
:for this program is very strong khich : 
:oids in the interpretation of results. : 
:There moy be a problem os f l m  chonges : 
:from subcriticol to supercriticol. 

:This model was recently developed for :Simulation of :The complete :This model is o good 
Schonber :Schonber, 1985 :conducting a flood insurance study in an :ollwiol fan : t m  dimension01 :candidate for ollu- 
Model : :alluvial ion region near the Uasotch :debris flowr for :flow equations :viol fan modeling 

:Hsmilton. Schomber :Front Mountains. Utoh. The full equo- :o flood insurance :ore solved :because of its 
:& MocArthur. 1987 :tions of unsteady flow in two dimensions :study along the :using the method :obllity to simulcte 

:ore solved using the method of finite :Wasotch Mountains,:of finite ele- :on exponding flow 
:elements. An interesting ospect of :Utah. Flood :ments. An Inflow :situation on on 
:this model is that it uses on exponding :onolysis neor tlt. :hydrograph boun- :unbounded ploin. 
:conputotionol grid. This is quite usefu1:Saint Helens, :dory condition and: 
:for olluviol fon onalysis since on :Washington. :the olluviol fan : 
:unbounded flow situotion con be :topography ore : 
:simlotcd. This model is currently : :the main input : 
:being improved by its author and it is : :requirements. : 
:o good candidote for generalized 
:opplicotion to oll~rviol fons. 

-- 
:The link-node model is o pseudo two :San Froncisco Boy :The one dimen- :Thls model is not 

Link-Node :Gurule, 1982 :dimensional approach for analyzing flow :circulation and :sionol equations :o goad candidate 
Hodel : :on a horizontal plane. This technique :water quality. :for unsteody flcw :for olluviol fan 

:Orlob. 1978 :allows for spotiol voriotion of the : h n y  estuary ond :ore solved : sinrrlotions 
:one dimensional equations of unsteady :tidal oppli- :using on expliclt :because of the 
:flow. This simplified approach hos :cations. :finite difference :restrictions on 
:been used largely for estuary studies. : :nethod. :specifying the 
:This model may be difficult to use in : :topographic 
:on olluviol fon situation becwse the : : features. 
:geometry does not hove fixed, bounded : 
:topography in a i c h  to confine the f l m .  : 

:This model, called DM. uses a s i q -  :Plono Trobuco :The diffusion :Although this model 
Diffusion : H r m d k o .  1985 :lified version of equations (2) and (3 )  :flood plain :malogy of the :con sirmlote flrw 
halogy : :called the diffusion onalqy. An :study, Qonge :tu, dimensional :on o flood ploin. 
Hydro- : :explicit finite difference fornulotion :County. CA. : f l w  equations :the constraints on 
dyn~lic : :is used thus comprtotion time tends to :Retention basin :are solved using :the specification 
hodel : :be large ond cwnputer memory require- :analysis. Orange :cm explicit :of the topographic 

:merits tend t o  be -11. The dlffuslcn :Caunty. C4. :finite difference :data m y  cause 
:analogy may be a good approximation : :method on o :difficulty in 
:for steep olluviol fans becmse the : :fixed coputa- zgenerol opplicotion. 
: f l ~  upon them or* govwrted llorh by : :tianal grid. 
:the bed resistonce r o t h w  thon inortial : 
:effects. The model has o fixed corrpr : 
:tational grid khich limits the accurate : 
:description of topographic features. : 



IV. CONCLUSIONS 

1. A l l u v i a ?  fan  f l o o d i n g  and r e l a t e d  d e b r i s  and sediment f l o w  i s  

one of t h e  l a r g e s t  p o t e n t i a l  hazards i n  t he  a r i d  Southwest 

and one o f  t h e  most d i f f i c u l t  des ign  problems f o r  t h e  Ar izona 

Department of T ranspo r ta t i on  t o  dea l  w i t h .  

2. A l l u v i a l  f a n  f l o o d i n g  c o n d i t i o n s  vary  throughout  t h e  s t a t e  o f  

Ar izona.  The broad a l l u v i a l  f a n s  near Phoenix a re  c u r r e n t l y  

under d i f f e r e n t  stages o f  development b u t  c a r e f u l  land use 

p lann ing  can reduce concentrated runo f f  hazards. Because t h e  

hydrc loc j i  c  and hydrau l  i c c h a r a c t e r t i s t i  cs o f  fans  a re  so 

complex and vary  g r e a t l y ,  no s i n g l e  methodology i s  a v a i l a b l e  

f o r  d e s i g n i n g  highway dra inage p r o j e c t s  on a1 l u v i a l  fans. 

3. A thorough reconnaissance and f a n  c h a r a c t e r i z a t i o n  s tudy  

should always be conducted as t h e  f i r s t  phase o f  any highway 

dra inage study.  T h i s  should i n c l u d e  an assesment o f  e x i s t i n g  

and proposed l and  use, d ra inage fea tures ,  s o i l  t ypes  and 

vege ta t i on .  

4. Uni form and c o n s i s t e n t  guide1 i nes, master  p l a n n i n g  s t u d i e s  

and design c r i t e r i a  must be developed f o r  t h e  l a r g e  metropo- 

li tan  r e g i o n s  o f  Arizona. Land c l e a r i n g ,  g rad ing  and 

c o n s t r u c t i o n  a c t i v i t i e s  on a l l u v i a l  fans must be s t r i c t l y  

r e g u l a t e d  t o  i n s u r e  an i n t e g r a t e d  f l o o d  hazard r e d u c t i o n  

program. 

5. The h y d r a u l i c s  of a l l u v i a l  f a n  f l o o d i n g  a re  f a r  more complex 

and e r r a t i c  than t h a t  o f  r i v e r i n e  f l o o d s .  Therefore,  t r a d i -  



t i o n a l  g r a d u a l l y  va r i ed ,  s teady s ta te ,  f i x e d  bed methods f o r  

ana l yz ing  h y d r a u l i c  problems are  o f ten  inadequate f o r  a1 l u -  

v i a l  fan f l o o d i n g  problems. 

6 .  Regular p r o j e c t  maintenance i s  e s s e n t i a l  t o  i n s u r e  proper  

p r o j e c t  f u n c t i o n .  

7 .  Quick  f i e l d - c n g i  neered s o l u t i o n s  t o  a l l u v i a l  f an  f l o o d i n g  and 

dra inage problems o f t e n  c rea te  more problems than t h e y  were 

in tended t o  so lve .  

8. Although t h e r e  i s  a computer model f o r  two-dimensional f l o w  

t h a t  can be t a i l o r e d  t o  f i t  the  needs o f  t he  Ar izona 

Department o f  T ranspo r ta t i on ,  none o f  t h e  models w i l l  y i e l d  

d i r e c t l y  t h e  des i red  h i  ghr~ay d r a i  nage des i  gn parameters i f  

used " o f f  t h e  s h e l f  ." 
9 .  General i zed methodology f o r  two-dimensional f l ow  a n a l y s i  s 

combined wi  t h  s i  t e  speci  f i c hyd ro logy  and topographi  c 

fea tures  can p l a y  a major  r o l e  i n  deve lop ing  a un i fo rm proce- 

dure  f o r  p roper  des ign  o f  highway dra inage on a1 l u v i a l  f a n s .  

10. F lood p r o t e c t i o n  on a l l u v i a l  fans c o n f l i c t s  w i t h  a dominant 

geo log i ca l  process which wants t o  b u r y  development w i t h  a 

l a y e r  of sediment. Successfu l  d ra inage must be designed t o  

t r a n s p o r t  t h e  sediment as f a r  down the  f a n  as poss ib le .  

11. A l l  d ra inage f a c i l i t i e s  should be designed t o  account  f o r  t h e  

presence o f  d e b r i s  and should be p a r t  o f  a s t r i c t  maintenance 

program. 

12. The Schamber model and RMA-2 show t h e  most promise f o r  two- 

d imensional  f l o w  a n a l y s i s  f o r  a1 l u v i  a1 fans .  



V .  RECOMMENDED FURTHER WORK 

1. Numerical models capable o f  e s t i m a t i n g  the  l o c a t i o n  and s i z e  

o f  channels formed by unsteady, s u p e r c r i t i c a l  f l o w s  i n  ero-  

d i b l e  a l l u v i a l  fans must be developed and tes ted.  

2 .  Labora tory  and f i e l d  v e r i f i c a t i o n  o f  these t o o l s  a r e  essen- 

t i a l  (see MacArthur, e t  a l ,  1987). 

3. I n  areas where there  are  i n s u f f i c i e n t  stream gaging reco rds ,  

techniques which a re  super io r  t o  the  reg iona l  method of peak 

f l ood  f l o w  a n a l y s i s  and the  envelope curve rngthod can be 

empl oyed . 
4. Uniform and r e g i o n a l  l y  c o n s i s t e n t  design gu ide l i nes  need t o  

be es tab l ished.  

5. A case s tudy such as the  proposed Outer Loop Freeway should 

be used t o  t e s t  and compare the  c a p a b i l i t i e s  o f  severa l  o f  

the more promis ing computat ional  methods. The same models 

should be app l i ed  t o  any case s t u d i e s  t h a t  may e x i s t  w i t h  

ac tua l  measured f l o o d  event data  and 'observed p r o j e c t  p e r f o r -  

mance in fo rma t ion .  

6. Regional emergency management procedures should a l s o  be deve- 

loped t o  m in im ize  downfan f l o o d i n g  problems t h a t  may r e s u l t  

form upperfan f l o o d  r e p a i r  work. 

7.  E x i s t i n g  computat ional  techniques can be t a i l o r e d  t o  be used 

d i r e c t l y  by highway dra inage designers.  Th is  w i  11 i n v o l v e  

some f u r t h e r  research, s imple  l a b o r a t o r y  experiments and com- 

puter  model development. The b e n e f i t s  w i l l  be a  s i g n i f i c a n t  

advance i n  t h e  s t a t e  of t h e  a r t  and a more u n i f i e d ,  compre- 



hens ive  approach t o  highway drainage on a l l u v i a l  f ans .  

8. The sediment aggradat ion and degradat ion which occurs d u r i n g  

an a l l u v i a l  f a n  f l o o d  should be recorded and analyzed t o  

o b t a i n  q u a n t i t a t i v e  techniques f o r  e s t i m a t i n g  sedimentat ion 

behav ior .  



V I .  PROPOSED WORK PLAN FOR A N A L Y S I S  O F  FLOWS ON A L L U V I A L  F A N S  

Purpose 

The purpose o f  t h i s  s e c t i o n  i s  t o  o u t l i n e  a  program t o  develop 

r e l i a b l e  methods f o r  p lann ing  and des ign ing  hignnay c ross ings  and 

drainage p r o j e c t s  on a1 l u v i a l  fans .  The program wi 11 be conducted i n  

t h r e e  phases and c o n s i s t  o f  research,  model development , data c o l l e c -  

t i o n ,  model c a l i b r a t i o n  and v e r i f i c a t i o n ,  methods documentation, and 

f i e l d  t e s t i n g .  

General Approach 

A program t o  develop r e l i a b l e  methods f o r  s i m u l a t i n g  f l o w s  on 

a l l u v i a l  f a n s  r e q u i r e s  work and r e s u l t s  f rom t h e  f o l l o w i n g  areas: (1) 

b a s i c  research i n t o  the  phys ics  of sha l low f l o w  on a l l u v i a l  fans ,  ( 2 )  

f i e l d  m o n i t o r i n g  and da ta  c o l l e c t i o n ,  ( 3 )  numer ical  model development , 

( 4 )  model t e s t i n g  and s e n s i t i v i t y  analyses, (5) model c a l i b r a t i o n  and 

v e r i f i c a t i o n ,  (6) p h y s i c a l  model ing ( T h i s  may be necessary t o  p r o v i d ~  

data  f o r  i tens 1 and 5 ) .  !?: f i e l a  a p p l i c a t i o n s ,  (8) documentation and 

r e p o r t ' r ~ g ,  and ( 9 )  rev iew,  improvement, exrans iuz and updat ing  o f  model 

c a p a b i l i t i e s  as more i n fo rma t ion  and f i e l d  da ta  beconies a v a i l a b l e .  

Many of t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  a l luv i , \ ' l  f ans  and t h e  

subsequent movement of sediment and d e b r i s  d u r i n g  f low events a re  

p o o r l y  understood. Therefore a  combined program of bas i  c research i n t o  

t h e  phys i cs  o f  sha l low f l o \ ~ s  on a l l u v i a l  f ans  and f i e l d  m o n i t o r i n g  o f  

r e p r e s e n t a t i v e  f a n  areas are  e s s e n t i a l  components o f  any mean ingfu l  

development program. Development o f  a mathemat ical  model, o r  perhaps a  



f ami l y  o f  mathemati ca l  models , capabl e of s imul a t  i ng t h e  hydrau l  i cs o f  

a l l u v i a l  f ans  can be i n i t i a t e d  once the d e s i r e d  c a p a b i l i t i e s  and model 

f e a t u r e s  have been d e f i n e d  and agreed upon w i t h  ATRC s t a f f .  Model 

developers must woi-k c l o s e l y  w i t h  s t a f f  f r om ATRC t o  i n s u r e  proper 

d i  r e c t  i on and emphasi s o f  t h e  model development program. Development 

should proceed i n  phases. A f i r s t  gene ra t i on  s e t  o f  models should be 

prepar ed and t e s t e d  i n i  t i  a1 l y .  Improvements and model expansion can 

f o l l o w  as f u t u r e  phases once the  f i r s t  genera t ion  model ing package has 

been tho rough ly  t es ted .  Development of an a l l - pu rpose  u n i v e r s a l  model 

should no t  be at tempted as p a r t  o f  t h e  f i r s t  phase. A computer model 

f o r  t he  s i m u l a t i o n  o f  unbounded sha l low f l o w  such as descr ibed i n  t h e  

"Design Parameters" s e c t i o n  would be more app rop r ia te .  Care fu l  model 

t e s t i n g  and f i e l d  a p p l i c a t i o n  w i  11 i d e n t i f y  c a p a b i l i t i e s  t h a t  f u t u r e  

genera t ion  models must have. 

F : e s u  l . i  lo^. i i . t ~ c ,  11ds i c. rt:cearctr d.ld field ~non i  t o~ . i r r y  t a s k s  must be 

i n t i g r a t e d  i n t o  the  des ign  o f  t he  model ( s )  and c a r e f u l l y  t es ted .  

F o l l o w i n g  p r e l i m i n a r y  t e s t i n g ,  numer ical  s e n s i t i v i t y  analyses should be 

performed t o  q u a n t i f y  t h e  numer ica l  s t a b i  1 i t y ,  accuracy and convergence 

of t h e  model . Physi ca1 model i ng t e s t s  may be necessary t o  bo th  iden-  

t i f y  c e r t a i n  key  h y d r a u l i c  f 1or.r c h a r a c t e r i s t i c s  o f  a l l u v i a l  fans,  and 

t o  deve lop  s u f f i c i e n t  d a t a  t o  be ab le  t o  v e r i f y  t h e  c a p a b i l i t i e s  o f  t h e  

numeri c a l  model ( s  1 . 
Each phase of development and t e s t i n g  s h a l l  be f u l  l y  documented. 

Review comments and feedback f rom t h e  ATRC w i  11 be i n c o r p o r a t e d  on a 

r e g u l a r  b a s i  s i n t o  t h e  approach. Continuous expansion, upda t i ng  and 



improvement t o  t he  model ing methods w i l l  occur  as new issues a re  iden-  

t i f i e d  by  t h e  A T R C  and new methods f o r  s i m u l a t i n g  them a re  i d e n t i f i e d  

by f i e l d  needs and/or b a s i c  research.  

F i n a l l y ,  severa l  f i e l d  a p p l i c a t i o n s  w i l l  be made us ing  t h e  

model ing n~ethodo logy  f o r  problems found i n  Ar izona.  The i n t e n t  o f  t h e  

f i e l d  a p p l i c a t i o n s  w i l l  be t o  t e s t  t h e  c a p a b i l i t y  o f  t h e  model t o  

d u p l i c a t e  a c t u a l  f l o w  c o n d i t i o n s .  

Model s t r u c t u r e  and des ign  s h a l l  be as genera l i zed  as p r a c t i c a l  

w h i l e  r e a l i z i n g  t h e  a p p l i c a t i o n s  w i l l  be p r i m a r i l y  f o r  f l ow  problems on 

a l l u v i a l  fans  found i n  Ar izona.  The l a t e s t  techniques i n  s t r u c t u r e d  

programming and so f twa re  eng ineer ing  w i  11 be a p p l i e d  d u r i n g  model deve- 

lopmen t. 

Proposed - -- M e t h o d o l o u  - 
An e s s e n t i a l  f i r s t  phase o f  any model development w i l l  be t o  meet 

w i t h  s t a f f  f rom t h e  ATRC t o  d iscuss  s p e c i f i c  components o f  a l l u v i a l  f a n  

f low problems t h a t  a f f ec t  t h e  proper design o f  highway p r o j e c t s .  

Speci f  i c capabi l i t i e s  and general  des ign  fea tures  of t h e  proposed 

model ing methods f o r  a  f i r s t  gene ra t i on  model must be i d e n t i f i e d  and 

agreed upon. Fu tu re  genera t i on  models can be improved t o  make t h e  

methods more genera l i zed  as o u r  knowledge of t h e  f l o w  phys ics  improves. 

An i n t e g r a t e d  anaylses system i s  proposed. The approach would 

a l l o w  users t o  app l y  seve ra l  a l t e r n a t i v e  f l u v i a l  systems a n a l y s i s  t o o l s  

rep resen t i ng  a  v a r i e t y  of s tudy  l e v e l s  from a  s imp le  steady-f low back 

water computat ion such as HEC-2, t o  a  one-dimensional unsteady f l o w  



r o u t i n g ,  t o  a  f u l l y  two-dimensional dynamic f l o w  and s e d i m ~ n t  r o u t i n g  

t o o l  (mobi 1  boundary model i n g )  . Exi s t i n g  sof tware,  and t r a d i t i o n a l  

methods w i l l  be used wherever p o s s i b l e  and wherever a p p l i c a b l e .  

Development o r  improvement o f  nerv unsteady two-dimensional model i ng 

t o o l s  i s  a l s o  requr ied .  

The emergence o f  un i f o rm and w i d e l y  a v a i l a b l e  o p e r a t i n g  systems 

such as MS-DOS and U N I X  p rov ides  an o p p o r t u n i t y  f o r  t h e  c r e a t i o n  of 

much improved user i n t e r f a c e s  t o  a  f l u v i a l  h y d r a u l i c s  system. The 

system vrould be developed by improv ing  and i n t e g r a t i n g  e x i s t i n g  s o f t -  

ware r~he reve r  p o s s i b l e  and deve lop ing  " s h e l l s "  t o  manage da ta  and 

program opera t i on .  The ab i  1  i t y  t o  use va r i ous  l e v e l s  o f  a n a l y s i s  w i t h  

i n p u t  da ta  shared by each program w i  11 p rov ide  users  w i t h  t h e  f l e x i b i -  

l i t y  t o  per fo rm severa l  l e v e l s  of a n a l y s i s  q u i c k l y  and u n i f o r m l y .  

P lann ing  and/or design d e c i s i o n s  can be made more r e a d i l y  w i t h  t h i s  

t ype  o f  approach. 

F i g u r e  9 presents a  f low diagram of a  p o s s i b l e  i n t e g r a t e d  a l l u v i a l  

f a n  a n a l y s i s  system. 

General ized Analysis Procedures 

Once an i n t e g r a t e d  package o f  programs has been developed the  

fo l lo rd i  ng procedures may be used t o  eva lua te  highway c r o s s i n g  designs 

on a l l u v i a l  fans.  

1. S i t e  i n v e s t i g a t i o n  and b a s i n  c h a r a c t e r i z a t i o n  

Conduct a thorough s i t e  i n v e s t i g a t i o n  o f  t h e  p r o j e c t  area and exa- 

mine the  dra inage b a s i n  and a l l u v i a l  f a n  areas upstream and downstream 





f rom t h e  p r o j e c t  s i t e .  Examine pas t  a e r i a l  photographs and topograph ic  

maps o f  t he  area. I d e n t i f y  t h e  dominant s o i l  t ypes ,  e r o d i b i l i t y ,  and 

amount of v e g e t a t i v e  cover f o r  t h e  dra inage area upstream from the  

s i t e .  Determine g r a i n  s i z e  d i s t r i b u t i o n  o f  bed and bank m a t e r i a l s  i n  

t h e  immediate v i  c i  n i  t y  o f  t h e  proposed h i  ghrvay c ross ing .  Determine 

whether t h e  a l l u v i a l  f a n  area d r a i n i n g  i n t o  t h e  p r o j e c t  area i s  predo- 

m i n a t e l y  i n  a channel ized zone, b ra ided  zone o r  sheet f l o w  zone as 

shown i n  F i g u r e  1. Examine pas t  h i s t o r i c a l  da ta  and i n f o r m a t i o n  

rega rd ing  storm i n t e n s i  t i 2 s  and f low c h a r a c t e r i s t i c s  o f  t h e  area. 

Examine p rev ious  highway and channel maintenance and/or damage r e p o r t s  

if avai  l a b l e .  Develop a thorough c h a r a c t e r i z a t i o n  o f  t h e  dra inage 

bas in  and es t ima te  t h e  sediment t r a n s p o r t i n g  abi  1 i ty, d e b r i s  l o a d i n g  o r  

scour and d e p o s i t i o n  p o t e n t i a l  f o r  t h e  p r o j e c t  s i t e .  

3 .  n ? v e I ~ r )  r q n r c ? s a ~ t ~ . + ? *  h * r r ) r q m  ---- A--, -------- A-- 

C o l l e c t  t h e  necessary h y d r o l o g i c  da ta  and combine i t  w i t h  t he  

bas in  c h a r a c t e r i z a t i o n  d a t a  f rom task one above. Use these da ta  and 

accepted h y d r o l o g i c  procedures t o  a e i o l o p  t h e  expected f l o o d  hydro logy  

f o r  t h e  p r o j e c t  s i t e .  Develop des ign  f l o o d  hydrographs, peak d i s -  

charges, f low du ra t i on ,  and f Iood volume f o r  des ign  f loods  f o r  t he  pro-  

j e c t  area. Es t ima te  f u t u r e  changes i n  hyd ro logy  t h a t  may occur as a 

r e s u l t  o f  upstream u r b a n i z a t i o n .  Develop f u t u r e  hydro logy  f o r  these 

c o n d i t i o n s  as w e l l .  

3. Es t ima te  sediment load b u l k i n g  f a c t o r s  

Use methods p resc r i bed  by  t h e  Los Angeles County F lood Cont ro l  

D i s t r i c t ,  The U.S. Army Corps o f  Engineers, The P a c i f i c  Southwest 



In te ragency Committee, ATRC, and o the rs  t o  develop sediment l o a d i n g  

b u l k i n g  f a c t o r s  f o r  the  f l o o d  f l o w s  developed i n  s tep  2 above. The 

bu lked f l o w s  w i l l  account f o r  t h e  i nc rease  i n  t o t a l  water  and sediment 

f l o w  volume t h a t  r e s u l t s  f rom ent ra inment  o f  sediment d u r i n g  f l o o d  

f 1  or.rs . 
4.  Determine t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  t h e  p r o j e c t  s i t e  

by seve ra l  methods 

Determine the  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  t h e  p r o j e c t  s i  t.e u s i n g  

t r a d i t i o n a l  s teady s t a t e  f i x e d  bed backwater methods, such as HEC-2 if 

app l i cab le .  Examine the  computed v e l o c i t y ,  f l o w  depth and o t h e r  

h y d r a u l i c  c h a r a c t e r i s t i c s  w i t h  respec t  t o  a n t i c i p a t e d  design f e a t u r e s .  

Prepare and execute advanced two-dimensional hydrodynamic s i m u l a t i o n  

models such as RMA-2  o r  t h e  mod i f i ed  Schamber model f o r  unbounded f l o w  

s i t u a t i o n s .  Use t h e  Schamber model t o  determine t h e  f l o w  spread ing 

ang le  ( A f ,  F i g u r e  2 )  f o r  t h e  f a n  f o r  t h e  va r i ous  des ign  f l oods .  Route 

t h e  f l o o d  u s i n g  advanced methods (RMA-2 o r  Schamber Model) down t o  t h e  

p r o j e c t  s i t e .  Determine t h e  f low per u n i t  l e n g t h  a long  t h e  proposed 

highway and t h e  v e l o c i t y  and depth of f l ow  expected as a  r e s u l t  o f  t h e  

dynamic r o u t i n g .  

5. Determine t h e  r e p r e s e n t a t i v e  a l l u v i a l  fan sediment scour and 
depos i t  depths f r o m  s t a t i s t i c a l  methods 

Determine t h e  r e p r e s e n t a t i v e  a1 l u v i  a1 f a n  sediment scour and depo- 

s i t i o n  depths f rom measured contour  p r o f i l e s  a long  t h e  fan a t  severa l  

l o c a t i o n s .  P e r f o r y  s t a t i s t i c a l  e v a l u a t i o n s  o f  t h e  depths o f  r i l l s  and 

g u l l i e s  as w e l l  as berms and depos i t s  f o r  d i f f e r e n t  d ra inage zones on 

the  fan .  Compute scour o r  d e p o s i t  depths u s i n g  t r a d i t i o n a l  scour 



c a l c u l a t i o n  methods and t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  determined f rom 

step 4 .  Ad jus t  these depths of scour, depos i t ,  f low v e l o c i t y  e t c .  by 

adding t h e  statistics; d e v i a t i o n  values t h a t  were j u s t  determined (see 

sect ion  on t h i b  t o p i c ) .  That i s ,  determine depths of scour as t h e  

scour o f  the  computed depth p l u s  some d e v i a t i o n  away f rom the mean 

depth determined f rom the  s t a t ~ b t i c a l  eva lua t i on .  An example equat ion 

f o r  scour depth i s  : 

dscour = dca l  cu la ted + d s t a t i c a l  d e v i a t i o n  

Th is  approach can be used t o  ad jus t  f low depths f low v e l o c i t i e s  and 

a1 t e r  hydrau l  i c cha rac te r i  s t i  cs o f  t h e  f 1or.r. 

6. Perform highway c ross ing  des ign c a l c u l a t i o n s  

J I V ; . . , .  . t h o  i n f o r m a t ~ o ~ ;  and r e s u l t c  t h e  prev ious steps 1 

through 5, determine the b e s t  o r i e n t a t i o n ,  s i z i n g  and des ign o f  t h e  

proposed highway crossing.  The hydrau l  i c c h a r a c t e r i s t i c s  ( f l o w  depth 

and v e l o c i t y )  now r e f l e c t  the c h a r a c t e r i s t i c s  o f  f l o w s  found on a l l u -  

v i a l  fans .  

7. Evaluate potent ia l  maintenance requirements 

Perform a d d i t i o n a l  analyses t o  es t imate  the  amount o f  sediment 

accumulat ion and/or d e b r i s  accumulat ion t h a t  may occur i n  t h e  p r o j e c t  

area. Perform t h i s  a n a l y s i s  f o r  severa l  d i f f e r e n t  upstream dra inage 

bas in  m o d i f i c a t i o n s  t h a t  may occur as a r e s u l t  o f  u r b a n i z a t i o n  a c t i v i -  

t i e s .  Modi fy  t h e  design based on the e f fec ts  o f  a n t i c i p a t e d  dra inage 

bas in  changes. 



8. Monitor  t h e  project and re -eva lua te  and modify design 
procedures as necessar l  

Eva1 uate  p r o j e c t  performance w i t h  respec t  t o  t h e  o r i g i n a l  des ign  

procedures. I f  p r o j e c t  performance v a r i e s  g r e a t l y  f rom t h e  des ign  

ca l  c u l a t i  on, at tempt t o  determine where and why t h e  model i ng methods 

f a i l e d  and develop r e v i s e d  procedures t h a t  a re  more r e l i a b l e .  As 

second and t h i r d  genera t ion  models are developed t h e  accuracy and 

r e l i a b i l i t y  o f  t h e  des ign  methods w i l l  improve. By t h e  end of t he  4 t o  

5 year study per iod ,  t h e  models and des ign  methods should be w e l l  

r e f i n e d  and reasonably genera l  i zed. 



VII. TENTATIVE TIME SCHEDULE 

A f o u r  t o  f i v e  years program i s  necessary i n  o rde r  t o  p r o p e r l y  

address t h e  ana lys i  s  and h i  ghway des ign  problems assoc ia ted  w i t h  a1 1  u- 

v i a l  fans  i n  Ar izona.  Tee f o l l o w i n g  tme schedule i s  proposed b u t  w i l l  

need f u r t h e r  re f inement  f o l l o w i n g  d e t a i l e d  d i scuss ions  w i t h  s t a f f  f r om 

ATRC. Many o f  t h e  proposed a c t i v i t i e s  w i l l  be o c c u r r i n g  s imul taneous ly  

i n  o rder  t o  complete t h e  p r o j e c t  i n  4 t o  5 years,  and, o f  course, prac-  

t i c a l  a n a l y s i s  methods w i l l  be a v a i l a b l e  f o r  use before  the  end of t h e  

study pe r iod .  

Phase I Problem I d e n t i f i c a t i o n  

Calendar Months 

1. Evaluate c h a r a c t e r i s t i c s ,  capabi li t i e s  and 
appl i cabi  1  i t y  of seve ra l  o f  t h e  more promis ing  
s t a t e - o f - t h e - a r t  methods f o r  p lann ing  and des ign ing  
highway c r o s i n g  on a l l u v i a l  fans  (p resen t  s tudy ) .  6 months 

2.  Meet w i t h  s ta f f  from ATRC, develop a  l i s t  o f  
speci f i c capabi 1  i t i e s  and f e a t u r e s  whi ch the  
methods should have. Se lec t  example dra inage 
bas in  and a1 l u v i a l  f a n  areas t o  mon i to r .  1 month 

3 .  I d e n t i f y  s p e c i f i c  areas where d a t a  must be co l l ec ted .  
I d e n t i f y  s p e c i f i c  b a s i c  resea rch  tasks  t h a t  a re  
necessary i n  o r d e r  t o  colnplete t h e  p r o j e c t .  1 month 

4. Prepare a  d e t a i l e d  scope o f  work, t ime schedule and 
es t ima te  o f  cos ts .  1 month 

Phase I1 Model Design B a s i c  Research and F i e l d  M o n i t o r i n g  

Calendar Months 

I .  Design and conduct f i e l d  m o n i t o r i n g  o f  t h e  f l o w  
and sediment t r a n s p o r t  c h a r a c t e r i s t i c s  on t h e  
t e s t  f a n  s i t e s .  Cont inuously mon i to r  these 
s i t e s  f o r  f o u r  years,  p repare  summary r e p o r t  
of r e s u l t s .  48 months 

2. I n i t i a t e  b a s i c  research s t u d i e s  o u t l i n e d  i n  i t e m  
1-3 above. Prepare sumnary r e p o r t s  throughout  
study. 36 rnon ths  



3. Design the s t r u c t u r e ,  c a p a b i l i t i e s  and l i nkages  
f o r  t he  v a r i o u s  models and computat ional  methods 
t o  be i n t e r g r a t e d  i n t o  t h e  a n a l y s i s  package. 
Construct  paper models o f  t h e  1/0 and data  f l ow .  
Decide on t h e  charac ter  and types o f  s o l u t i o n s  
(ou tpu t  users  may r e q u i r e  i d e n t i f y  s p e c i f i c  
sof tware eng inee r ing  tasks  f o r  model development. 4 months 

4 .  Begin model development and t e s t i n g .  12 months 

5. Perform d e t a i l e d  s e n s i t i v i t y  s tudy  of t h e  model ing 
model ing package. Develop and document a  t e s t  da ta  
s e t  and p r e l i m i n a r y  users manual. 4 months 

Phase I11 Deta i led  Model Testing Ca l ib ra t ion  and V e r i f i c a t i o n  

Calendar Months 

1. Perform addi t i  onal  model t e s t i n g ,  and documen- 
t a t i o n .  

2. Perform d e t a i l e d  c a l i b r a t i o n  and v e r i f i c a t i o n  o f  
t he  model u s i n g  d a t a  c o l l e c t e d  d u r i n g  t h e  f i e l d  
s tud ies .  

3.  Use l a b o r a t o r y  p h y s i c a l  mode l ing  as an a d d i t i o n a l  
method f o r  deve lop ing  v e r i f i  c a t i o n a l  data. 

4. Make computer model mod if i ca i  ons and tho rough ly  
document how t o  use the  package. 

5. Apply t h e  mode l ing  package t o  a c t u a l  f i e l d  des ign  
problems work c l o s e l y  w i t h  ATRC t o  make model 
improvements and adjustments i f  necessary. 

6 .  Conduct a  one-week t r a i n i n g  course and workshop 
f o r  s t a f f  f r o m  ATRC on how t o  use t h e  design 
ana lys i s  package. 

12 t o  24 months 
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